When hematopoietic stem and progenitor cells (HSPC) are harvested for transplantation, either from the bone marrow or from mobilized blood, the graft contains a significant number of T cells. It is these T cells that are the major drivers of graft-vs -host disease (GvHD). The risk for GvHD can simply be reduced by the removal of these T cells from the graft. However, this is not always desirable, as this procedure also decreases the engraftment of the transplanted HSPCs and, if applicable, a graft-vs -tumor effect. This poses an important conundrum in the field: T cells act as a double-edged sword upon allogeneic HSPC transplantation, as they support engraftment of HSPCs and provide anti-tumor activity, but can also cause GvHD. It has recently been suggested that T cells also enhance the engraftment of autologous HSPCs, thus supporting the notion that T cells and HSPCs have an important functional interaction that is highly beneficial, in particular during transplantation. The underlying reason on why and how T cells contribute to HSPC engraftment is still poorly understood. Therefore, we evaluate in this review the studies that have examined the role of T cells during HSPC transplantation and the possible mechanisms involved in their supporting function. Understanding the underlying cellular and molecular mechanisms can provide new insight into improving HSPC engraftment and thus lower the number of HSPCs required during transplantation. Moreover, it could provide new avenues to limit the development of severe GvHD, thus making HSPC transplantations more efficient and ultimately safer.
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INTRODUCTION
Over the past 60 years, hematopoietic stem cell trans plantation (HSCT) has developed into routine treatment for several hematological and immunological malignancies and deficiencies. Hematopoietic stem cells (HSCs) are the rare, selfrenewing progenitor cells at the top of the hematopoietic hierarchy that can give rise to all blood cell lineages, and are thus able to restore hematopoiesis and the immune system in transplanted recipients. Hema topoietic stem and progenitor cells (HSPCs) are a mixture of HSCs and more differentiated progenitor cells, which provide respectively long and shortterm repopulation of blood cells following transplantation. In the past, HSPCs required for transplantation were solely acquired from the bone marrow (BM), typically from the hipbone. This is an invasive procedure and if the BM harvest was not optimal, this often resulted in reduced engraftment of HSPCs and limited hematopoietic/immunologic recovery. Transplantation of higher doses resolved the majority of engraftment problems. Nowadays, this is facilitated by more favorable and less invasive HSPC harvesting procedures from mobilized peripheral blood (MPB) or umbilical cord blood (UCB). In the case of MPB HSPCs, donors are usually pretreated with granulocyte colony stimulating factor (GCSF), which mobilizes the HSPCs from the BM into the blood stream [1, 2] . Subsequently, donors undergo one or two apheresis sessions to reach the desired HSPC dose for transplantation, normally 210 × 10 6 CD34 + cells/kg recipient body weight [35] . In case of UCB HSPCs, the UCB is collected from the postpartum placenta, as this is a rich source of HSPCs. Typically, two grafts are required to reach sufficient numbers of UCB HSPCs when transplanting an adult. UCB HSPC transplants are generally used in an allogeneic transplantation setting, whereas mobilized HSPCs are used both during autologous and allogeneic HSCT. Autologous HSCT following high dose chemotherapy has become routine treatment for many types of lymphomas [6] . It is considered a relatively low risk treatment, as the recipients receive their own HSPCs that were harvested before the chemotherapy was started. Allogeneic HSCT is regarded as a more precarious procedure, as HSPCs from a nonself origin are transplanted, which are thus subject to rejection by the host. In addition, allogeneic HSCT is combined with conditioning regimes of different intensity, leading to more variable transplantation outcomes. As with any allogeneic transplantation, matching of the human leuko cyte antigen (HLA)-profile between donor and patient is instrumental to lower the risks of graft rejection. The first step in finding a suitable donor is to search within the immediate family. Related siblings have a 25% chance of being perfect donors, i.e., matching 10 out of the 10 HLA antigens. Unrelated donors can also match the HLA antigens perfectly, although the chance of finding a perfectly HLAmatched, unrelated donor in a timely manner is much lower. Transplantation with partially matched (haploidentical), related donors (parent, child or sibling) is now considered as a viable alternative. Although these donors are usually more readily available, haploidentical donors have more HLAdisparities when compared to the recipient. This increases the risk of graft rejection, but also the development of graftvshost disease (GvHD) [7] . GvHD is a complicating side effect of an allogeneic HSPC transplantation that can develop early or late after the transplantation, in which transplanted donor T cells mount an extensive immune response against the recipient's tissues. A mild degree of GvHD is considered beneficial when the HSPC transplantation is part of an anticancer treatment, as the alloresponsive donor T cells in the graft can also eradicate the remaining tumor cells present in the recipient. However, severe forms of GvHD are very hazardous and hence the predominant cause of the high morbidity and mortality rate associated with allogeneic HSPC transplantations. A highly efficient procedure to minimize the risk of developing acute and chronic GvHD is T cell depletion (TCD) from donor grafts [8] . Unfortunately, transplantations with TCD grafts also revealed major pitfalls, such as graft failure and disease relapse. This was observed in BM transplants with grafts from HLAidentical siblings and HLAnonidentical (but related) donors with minimal mismatch [8, 9] . What was apparent from these studies is that conditioning regimes and posttransplant immune suppression treat ments can all affect the outcome of transplantation with TCD grafts. To this day, it is still unclear how the depletion of T cells leads to increased risk of graft failure. What is certain is that T cells can aid the engraftment of HSPCs in the damaged BM environment in which they find themselves post-transplant. Here, we review what is currently known about the contribution of T cells on HSPC engraftment in different transplantation settings, as this knowledge can be used to improve both the efficiency and safety of this important clinical procedure.
FACILITATING T CELLS
While grafts depleted of T cells minimize the risk of developing GvHD, T cell depletion also compromises the engraftment of transplanted HSPCs. This unwanted effect has been attributed to the loss of specific cell subsets that assist the engraftment, the socalled facilitating cells (FC) that were depleted during the T cell depletion process. In 1994, Kaufman et al [10] showed for the first time that in the BM, revealed that they express CD44 [11] . [12] . We recently showed that the frequency of total CD8 + T cells is similar within the different bones found throughout the murine body. Additionally, we observed that during steady state conditions, TNV cells are the dominant subset and that this quickly changes after an acute infection with lymphocytic choriomeningitis virus, as the TEM cells replace the TNV cells [13] . Also in humans, it has been shown that CD8 + cells are important for HSPC engraftment. Martin et al [14] demonstrated that removal of CD8 + cells but not CD4 + cells from donor bone marrow grafts results in graft failure. Interestingly, they also showed that the dose of the CD8 + cells in the grafts is of major importance as more than half of the patients that received grafts containing less than 3.9 × 10 6 CD8 + cells/kg experienced graft failure. They further observed that the high dose of CD8 + cells required to prevent graft rejection also increases the risk for acute and chronic GvHD [14] . Taken together, many studies in mice and human have quite clearly shown that CD8 + T cells have a beneficial effect during HSCT. This in itself is surprising given the fact that T cells, depending on their activation state, are known to have a strong skewing impact on hematopoiesis. We and many others have shown that activated T cells can directly affect HSC function by increasing differentiation and limiting self renewal [15] . Interferongamma (IFNγ) is one of the pro inflammatory cytokines produced by activated T cells, which can inhibit HSC selfrenewal and enhance their differentiation in a direct manner [16, 17] , but also indirectly by acting on surrounding niche cells [18, 19] . This indicates that the impact that T cells can have on the behavior and function of HSPCs is complex and not only dependent on the T cell subset, but also on the activation status of the T cells and the niche cells they interact with.
THE INFLUENCE OF T CELLS ON HSPC ENGRAFTMENT DURING ALLOGENEIC AND AUTOLOGOUS TRANSPLANTATION
Although early studies demonstrated a clear contribution of CD8 + T cells on HSPC engraftment, this concept received surprisingly limited follow-up, both scientifically and clinically. This is most likely due to the fact that current transfusion protocols are performed with high numbers of HSPCs, which compensates for any sub optimal engraftment condition [14] . Nonetheless, under standing how to optimize the engraftment potential of HSPCs is still desirable, especially when HSPC numbers are limited. We therefore also took into account studies that investigated which T cell subsets are involved in the development of GvHD. The majority of these studies did not examine HSPC engraftment per se, but do provide interesting clues on which T cell subsets may be beneficial for this process, as they did assess immune reconstitution after transplantation. Chen et al [20] depleted CD62L + T cells (TNV and TCM) from murine BM grafts and found that CD62L T cells (TEM) accelerated the recovery of CD4 + and CD8 + T cells after transplantation, which could indicate enhanced hematopoietic engraftment. In addition, transplantation of the TEM subset alone did not result in GvHD, while grafts that still included TNV and TCM did. Another interesting observation made is that transplan tation of CD62L T cells led to increased donor chimerism, as it lowered the numbers of residual recipient T cells [20] . Similar results were obtained in human studies. Naïve human T cells express CD45RA and switch to the CD45RO isoform upon antigen encounter and develop into memory T cells. Touzot et al [21] demonstrated that allogeneic HLA mismatched HSCT with CD45RAdepleted BM grafts were successful and did not lead to severe GvHD, suggesting that this could be a potential approach to treat patients with primary combined immuno-deficiencies. Importantly, they also observed that viruses detected prior to the HSCT were rapidly cleared postHSCT, indicating that the CD45RAdepleted graft contained CD8 + T cells functionally active against pathogens. Furthermore, Triplett et al [22] found similar results when transplanting patients suffering from hematological malignancy with haploidentical CD45RAdepleted grafts. Here, patients received on day 0 GCSF MPB grafts that was highly enriched for CD34 /kg, respectively). On day 1 patients received MPB grafts depleted of CD45RA + T cells (and thus enriched for memory T cells), and on day 6, they received an infusion with purified NK cells from the same donor [22] . The authors demonstrated that this combination of differently prepared grafts led to rapid neutrophil engraftment, quick conversion to full donor chimerism and fast reconstitution of innate and adaptive immunity. These three clinical parameters signify rapid HSPC engraftment, which may well have been the result of the coinjected CD45RO + memory T cells on day 1,
although this was not formally tested in this study.
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Importantly, none of the patients developed acute GvHD. Several patients did show signs of chronic oral GvHD, but not of severe nature [22] . Next to removing specific subsets that might cause GvHD, many studies also focused on adding back T cells after transplantation.
+ cells are isolated and given to the patient after a brief recovery period after the initial HSCT [23] . A study performed in mice found that DLI was able to improve engraftment of HSC without resulting in GvHD [24] . They observed that mice, which had received low (sublethal) dose of irradiation, rejected allogeneic donor BM cells, unless this procedure was combined with an injection of peripheral blood mononuclear cells. Further analysis revealed that CD8 + cells were facilitating the engraft ment. Importantly, this beneficial effect was only ob served when the DLI was given on the same or the following day, but not on third or seventh day of the HSCT [24] . This suggests that early DLI may be sufficient to counteract the beginning of an antidonor response by boosting HSPC engraftment. Interestingly, a study in humans did not show similar effect of DLI; Kreiter et al [25] found that minimal conditioning prior to T cellreduced allogeneic HSCT combined with subsequent DLI was insufficient to sustain long-term engraftment. This study, similar to Nakamura's study, gave DLI on the same day as the HSCT. However, the fact that none of the trans planted subjects reached complete donor T cell chimerism indicates that this specific combination of minimal conditioning and DLI dose was not optimal [25] . In contrast to the mice in Nakamura's study, these human subjects were patients suffering from hematological malignancies. It remains to be determined if and how the conditioning regimes and the presence of disease affect the possible facilitating role of DLI on HSPC engraftment. Inter estingly, also in a DLI setting, infusion of T cells depleted of naïve T cells was shown to favor engraftment without causing GvHD [26] . Additional investigation on the murine CD62L T cell subset originally described by Chen et al [20] revealed that addition of 1 × 10 6 CD62L T cells could rescue 90% of graft rejection that developed after transplantation with TCD grafts in mice. The CD62L T cell subset was also shown to prevent tumor growth and help combat viral infection [26] . More importantly, addition of CD62L T cells resulted in 100% donor chimerism within 30 d and was maintained longterm. Similar results were obtained in human studies, as Shook et al [27] transplanted patients with CD3 + depleted haploidentical grafts and infused CD45RAdepleted cells the following day. They observed that all patients reached complete donor chimerism. In this study patients received myeloablative conditioning. Remarkably, 3 mo after the HSCT, the majority of CD4 + and CD8 + T cells were still CD45RA , indicating that the T cells were derived from the CD45RA depleted grafts [27] . DLIs can also be given to patients not responding to antiviral medication during an infection post HSCT. This is particularly important after HSCT with T celldepleted grafts, as protective immunity is not transferred in this setting and engraftment, and thus immune reconstitution is delayed. Stemberger et al [28] demonstrated that as few as 3750 antigen-specific T cells per kg body weight was sufficient to decrease viral load in a patient suffering from systemic CMV infection after CD3depleted HSCT [28] . In this study, the impact on HSPC engraftment was not reported. Nevertheless, this study highlights a feasible strategy to combat persisting in fections post HSCT. So far, the facilitating role of CD8 + T cells, especially memory T cells in HSPC engraftment has been well established in allogeneic HSCT setting. Less explored is if these cells have similar effects in autologous HSCT. Interestingly, Rutella et al [29] demonstrated that patients undergoing autologous transplantation with selected CD34 + cells instead of unmanipulated PBMCs experienced delayed repopulation of the T cell lineage. This suggests that the lack of T cells might also affect engraftment in an autologous setting. Furthermore, Russell et al [30] assessed mobilization and engraftment in autologous donors. They observed that grafts with low numbers of CD34 + cells (poor mobilizers) contain more CD8 + T cells than grafts from moderate or high mobilizers.
Subsequently, they assessed if the CD8 + T cell content was associated with time to neutrophil engraftment after HSPCT. The results obtained suggest that engraftment occurs faster when there are more CD8 + T cells present in the grafts. This was limited to grafts that contain low numbers of CD34 + cells [30] . Taken together, these studies show that when HSPC numbers are limiting, memory CD8 + T cells have a beneficial effect on HSPC engraftment, both in allogeneic and autologous transplantation. The effects of different (graft) treatments on HSCT are sum marized in Table 1 .
THE ROLE OF T CELLS UPON TRANSPLANTATION OF HSPCS FROM UMBILICAL CORD BLOOD
In the clinic, when an HLAmatched sibling and unrelated matched donor are not available, the next best option is HSCT with UCB. It is now well established that trans plantation with UCB grafts results in lower rates of GvHD disease when compared to HSCT from BM or MPB. This in itself is very interesting, especially as the majority of the T cells present in a UCB graft are CD45RA
+ [31] , and thus potentially capable of inducing GvHD. However, these CD45RA + UCB T cells are functionally distinct and less mature than CD45RA + naïve T cells found in adults [32] , explaining why these cells are less related to the development of GvHD. T cells in UCB have the ability to respond to allogeneic stimulation, but the response generated is less cytotoxic than that of adult T cells. Additionally, dendritic cells present in UBC have been found to be in an immature state and thus limiting the activation of UCB T cells [32] . Nevertheless, while the development of GvHD is reduced, patients who undergo UCBT are subjected to high incidence of infection, as immune reconstitution is slow. It is believed that the low numbers of HSPCs and downstream progenitors transplanted during UCBT compared to MPB HSCT are the cause of the delay in hematopoietic reconstitution, while the absence of memory T cells would render the recipient more sensitive to viral infections. However, following our line of reasoning, the lack of memory T cells during UCBT might contribute to impaired HSPC engraftment. Currently, the focus on improving engraftment has been on reducing conditioning regimes, performing double UCB transplantation, ex vivo expansion of UCB HSPCs and intrabone infusion of UCB grafts [31] . An interesting approach is the combination of UCB grafts with CD34 + cells isolated from haploidentical grafts [33] . The idea behind this concept is that the haploidentical graft will provide early engraftment, while the UCB graft provides longterm engraftment. Indeed, the authors observed fast engraftment of neutrophils and platelets post haplo cord SCT. Furthermore, UCB cells replaced this first wave of hematopoiesis by the haploidentical CD34 + cells within 100 d. An important future aspect of this approach is that not the cell number of the UCB graft but rather the matching of the HLA type to that of the patient will take priority when finding suitable UCB grafts for UCBT. This by itself will provide more options for adult patients lacking related and unrelated HLA matched donors.
POSSIBLE UNDERLYING MECHANISMS ON HOW CD8 + T CELLS IMPROVE ENGRAFTMENT OF HSPCS
The underlying reasons on why and how CD8 + T cells contribute to HSPC engraftment are still poorly under stood. Currently, there are more questions than answers, which we will address here; the mechanisms discussed below are depicted in Figure 1 . For example, do donor T cells contribute to engraftment by killing residual host HSPC and thus eliminating the competition? This is unlikely, as Gandy et al [11] showed that CD8 + T cells did not facilitate HSPC engraftment via their lytic potential, as CD8 + T cells deficient in their lytic activity were still able to assist engraftment. However, one of the most important observations made by several studies is that the addi tion of donor T cells eliminates residual host T cells in mice [20, 24, 26] . These observations suggest that removal of residual host T cells is an essential part in eliminating any type of resistance from the host to allow engraftment. Furthermore, is it possible that donor T cells somehow directly affect the function of HSPCs? An interesting observation made by Adams and colleagues is that in the β2m / NOD/SCID mice, CD8 + cells augmented homing and engraftment of CD34 + cells by modulating their response towards CXCL12 by affecting their phosphotyrosine mediated signaling. Ex vivo, this modulated response towards CXCL12 resulted in increased migration through a BM endothelial cell line [34] . Further analysis revealed that this was not the result of factors secreted by CD8 + cells, though an active cytoskeleton in the CD8 + cells was required for the increased transmigration of CD34 + cells [34] . Moreover, it could also be that CD8 + T cells can affect the HSC niche by making the environment more favorable for engraftment of the newly arrived HSPCs.
Treatment Removed Remaining Effect
Complete T cell depletion All T cells N/A GvHD ↓ [8, 14, 44] Disease relapse ↑ [8, 9, 44] Graft failure ↑ [8, 9, 44] Immune reconstitution ↑ [44] Partial T cell depletion CD45RA (TNV) CD45RO (TMEM) GvHD ↓ [20, 21, 22] CD62L + (TNV, TCM)
Neutrophil engraftment ↑ [22] Immune reconstitution ↑ [20] Protective immunity ↑ [21, 22] Donor chimerism ↑ [20, 22] Donor lymphocyte infusion CD45RA (TNV) CD45RO (TMEM) GvHD ↓ [26] CD62L + (TNV, TCM)
Tumor growth ↓ [26] Engraftment ↑ [26] Graft failure ↓ [26] Immune reconstitution ↑ [26] Protective immunity ↑ [26, 28] Donor chimerism ↑ [26, 27] Signifies the murine equivalent of the human T cell subset described above. Here, we summarize the impact that either full or partial T cell depletion of an HSPC graft, or selective donor lymphocyte infusion, can have on the clinical outcome of a HSPC transplantation. Indicated are the T cell subsets that have either been removed or that remain, and the biological or clinical effects that have been reported following this treatment. N/A: Not available; HSPC: Hematopoietic stem and progenitor cell; GvHD: Graft-vs-host disease.
The production of IFNγ by CD8 + T cells was shown to promote the release of interleukin6 from mesenchymal stromal cells (MSCs), an essential component of the HSC niche [18] . This enhanced myeloid differentiation of more committed progenitors, though the impact of T cell modulated MSCs on HSPC engraftment has not been examined. Lastly, an intriguing question on the functional impact of CD8 + T cells on HSCT is whether CD8 + T cells and HSCs colocalize in the BM. It has been shown that memory CD8 + T cells colocalize with VCAM1expressing stromal cells in BM [35] , whereas HSCsupporting MSCs also express VCAM1 [36, 37] . These findings are compatible with the hypothesis that HSCs and CD8 + memory T cells share the same niche, though actual colocalization between these cells has not yet been experimentally demonstrated.
THE IMPACT OF OTHER FACILITATING CELL TYPES ON HSPC ENGRAFTMENT
Although the positive impact of CD8 + T cells on HSPC engraftment has been addressed most extensively, there is evidence that other cell types in the BM can also have this effect. As mentioned before, not all CD8 + cells that can facilitate HSPC engraftment also express the TCR [10] . In followup of these findings, Grimes et al [38] found that CD8 [38] . Further gene expression analysis on the CD8 + TCR FC revealed that the DOCK2 gene was most significantly different between functional and functionally impaired FC cells. Indeed, FCs lacking the expression of DOCK2 do not enhance engraftment and do not promote homing and lodgment of HSPCs in the bone marrow [39] . [41] . It has also been demonstrated that host Tregs colocalize with transplanted alloHSPCs in BM [42] , indicating that these cells may provide an immune privilege site for HSPCs in the BM. Furthermore, also TCRγδ + T cells have gained recognition for their facilitating role in engraftment of HSPCs. Kawanishi et al [43] found that engraftment was associated with the dose of TCRγδ + T cells present in BM grafts. Importantly, they found no association between the TCRγδ + T cells dose and an increased risk for the development of acute GvHD in patients that received grafts from related donors [43] . In conclusion, it is clear that the BM contains multiple cell types that can enhance HSPC engraftment. This is highly relevant from a clinical perspective, though it remains unclear to what extent these cell types also support the function or maintenance of HSPCs in the BM under physiological conditions.
FUTURE PERSPECTIVES
After decades of development in the allogeneic HSCT field, GvHD is still a major complication. To this day, the best approach for decreasing the risk for GvHD is the removal of T cells from the graft. After it was apparent that TCD procedure led to poor engraftment, delayed immune reconstitution and increased disease relapse [44] , TCD procedures were dismayed as a reliable method to safely and efficiently combat GvHD. However, several studies discussed here suggest that future of TCD HSCT may lie in partial instead of complete depletion of T cells. The aim of the variety of the approaches attempted so far was to remove T cells that contribute to GvHD while maintaining T cells that provide immediate but also long term immune protection. The focus has never necessarily been to improve engraftment of HSPCs, as this potential problem is covered by the immense amounts of HSPCs transplanted. Nevertheless, identifying T cell subsets that specifically favor HSPC engraftment and the underlying mechanism may be more beneficial in the long run, as more efficient and rapid engraftment will be required if less and less intense conditioning regimes are used in the future. Moreover, efficiency of HSPC transplantation is significantly reduced when donor HSPCs numbers are limited or when HSPCs are genetically modified, which thus requires protocols in which their engraftment is fully optimized. More in depth studies are required to determine whether the future of allogeneic HSCT can/will develop into one where patients receive minimal conditioning with a low dose of HSPCs followed by multiple infusions of different T cells subsets; these could be chosen based on their ability to improve HSPC engraftment, to provide the first wave of protective immunity and/or to induce a lowgrade level of GvHD to boost an antitumor response. Unpublished work from our group suggests that ex vivo expanded CD8 + T cells with a memory phenotype have facilitating potential at the level of HSPC engraftment. It is hence interesting to speculate that the future of transplantation may include the addition of ex vivo expanded T cells from the graft in order to enhance engraftment and immune reconstitution. Hopefully, the developments in HSCT treatment in the coming years will results in faster recovery, decrease disease relapse and overall shorter hospital stays.
